The ultimate tensile strength of 250 MPa, 0.2% proof stress of 150 MPa, and fracture strain of 10% at the as-cast condition for Al-1.5Mn-X alloys, were objective in this development. As ternary elements, Ca, Mg, Ti and Zn were initially chosen and the values in ¦Mk of the s-orbital energy level in alloys were adjusted to be less than 0.017. Their proof stress and fracture strain increased and decreased as ¦Mk increased, respectively. The composition of promising alloy was decided to Al-1.5Mn-2.4Mg with ¦Mk of 0.029 on the basis of the relation between tensile properties and ¦Mk. This as-cast alloy showed the · uts · 0.2 and ¾ f of 270, 135 MPa and 18% showing excellent corrosion resistance in the NaCl solution, which resulted in the approximate satisfaction of the objective. The interaction between the proof stress and dislocation density or hindrance for dislocation migration at the constant strain could be explained by ¦Mk, which might lead to the indication of solid solution hardening level using this parameter for Al-1.5Mn-X ternary alloys.
Introduction
Recently, the conversion to aluminum alloys from iron ones has been increasing in the automobile industry. The development of high performance alloys has been performed relying on many trail-and error experiments and a few empirical rules. In order to develop new alloys more efficiently, a theoretical approach is strongly needed to the alloy design. The d-electrons concept on the basis of the theoretical calculation of electronic structures of alloys has been proposed by Morinaga et al. 1, 2) This concept was devised at first for austenitic (fcc) Ni, Co and Fe alloys, and phase boundary or some physical and chemical properties were proven capable of being predicted by this approach. Two alloying parameters were used in this approach. One was the bond order (hereafter referred to as Bo). This was a parameter to show the overlapping of electron clouds between atoms. Therefore, it was a measure of the covalent bond strength between atoms. The covalency increased with increasing bond order. Another parameter was the d-orbital energy level for alloying transition element (hereafter referred to as Md). The height of this energy level was related to the charge transfer, and hence to the electronegativity of elements. This level was also found to be associated with the atomic radius. Both the electronegativity and the atomic radius are classical parameters which have been used in describing the nature of the chemical bond between atoms solid.
The concept of alloy design has spread over the world since 1964 when PHACOMP (Phase Computation) had been proposed.
3) This is a prediction method for the appearance of the undesirable brittle phases (for example, the · phase) in the fcc matrix. The parameter used for this prediction is electron vacancy number (Nv) that is the number of vacancies or electron holes existing above the Fermi level in the metal d-band proposed by Pauling. 4) The solid solubility problem of alloys has been treated by the classical parameters of electronegativity and the atomic radius. The solid solubilities in transition-metal based fcc alloys can be treated quantitatively using this Md parameter, compared with the prediction by Nv. 5) Therefore, Md-PHACOMP has been to be superior to the current Nv-PHACOMP. 5) Ti alloys are classified into the ¡, ¡+¢ and ¢ types according to the phases existing in alloys. Compositions of forty commercial alloys were plotted on the Bo and Md coordinates (hereafter referred to as Bo-Md map). These three types of alloys were clearly separated in the Bo and Md map.
2)
The contour lines on 0.2% proof stress level, the compositional region for the appearance of the undesirable brittle phases and the iso-£A (Ni 3 Al) precipitation phase solves temperature lines showing one microstructural characteristic could be estimated in the Bo-Md map, using forty commercial Ni base superalloys.
6) The solid solution strengthening of both £-matrix and £A phases can be achieved by the selection of elements with higher Bo and Md values in the region without the appearance of the undesirable brittle phases in the Bo-Md map, which results in the improvement of strength properties such as 0.2% proof stress and ultimate tensile strength due to the increase in magnitude of dislocation interactions with solute atoms in alloys. In contrast, thirty conventional ¢ type titanium alloys were plotted in the specified subregion in the Bo-Md map. The contour lines showing the ultimate tensile strength level, iso-¢ transus and -martensite start temperature were also indicated in the region of ¢ alloys. A target region showing high level in the ultimate tensile strength for ¢ Ti alloy design can be specified concretely adjusting the Bo and Md values on the Bo-Md diagram. 2, 7) Therefore, the d-electrons concept has been applied to design of the high performance metallic materials such as Ni, Ti, Mg and Fe-based alloys, etc. 510) For alloys the average values of Bo and Md are defined by taking the compositional average as mentioned in detail in section 3, which is easy to use in practical application, compared with other alloy design methods 1113) . The ultimate tensile strength of 250 MPa, 0.2% proof stress of 150 MPa, and fracture strain of 10% at the as-cast condition for Al-1.5Mn-X alloys, were the objective properties in this alloy development. The relation among microstructures, mechanical properties and electron parameter was experimentally investigated for the application of electron parameter to alloy design. The purpose of this study was also to get the composition of the promising Al-1.5Mn-X alloy by utilizing the electron parameter.
Experimental Procedures
All ingots of experimental alloys in this study were prepared from raw materials of pure Al, Mn, Zn, Ti, Ca and Mg. The melts of some Al-1.5Mn-X alloys were prepared in the crucible in the air. Molten metals were held for 1.2 ks at temperatures of 963993 K. The used cold mold was conformed to the JIS H5202 standard, and it was held at 423 K before the pouring.
Microstructural observation was conducted on some conditions of experimental alloys using optical and transmission-electron microscopes (hereafter called OM and TEM). The dislocation density was measured by the equal thickness fringe method using areas with thickness more than 100 nm in TEM specimens. The dislocation density (d ) was estimated, using eq. (1) . The values of d were measured in arbitrary cross sections more than fifty areas per one specimen.
Here, n and A are the number of dislocation and area in arbitrary cross sections, respectively. Tensile tests were conducted on the button head type specimens with gauge lengths of diameter 6 and length 60 mm, at room temperature under an initial strain rate of 6.7 © 10 ¹4 s ¹1 in the air. Immersion tests in a 3.3 mol% NaCl aqueous solution at 343 K for 864 ks were conducted on selectively polished specimens with 8.5 © 8.5 © 2 mm and approximately 0.3 g.
Electron Parameter for the Determination of Alloy Compositions
The high performance metallic materials such as Ti, Ni and Fe-based alloys, etc. had been developed by the d-electrons concept, 510) as mentioned above. The mother and alloying elements in these alloy systems are transition ones with unpaired d-electrons. The high cohesive energy of transition metals and their alloys can be attributed mainly to the covalent bond strength of the d-electrons in them. It is important to understand the nature of the d-electron bond between the mother and alloying elements.
In contrast, the parameter for optimization of aluminum alloy compositions was also obtained from the electron theory.
1416) It is the s-orbital energy level (Mk i ) of alloying transition or non-transition element i. There are a variety of parameters so far proposed for describing alloying behavior, but both the electronegativity and the atomic radius of elements were chosen here, since they represent well the nature of chemical bonds between atoms in solid, as described in earlier. For s, p simple metals like aluminum, the d-orbital energy level is no longer valid mentioned above for transition metal based alloys. An s-orbital energy level exists above the Fermi energy level of an MAl 18 cluster containing an alloying element M and its surrounding aluminum atoms. This parameter is obtained by the DV-X¡ cluster calculation, and consequently alloying effects are inevitably involved in this parameter. Mk i level decreases with increasing electronegativity, whereas it increases with increasing atomic radius of elements. It is well known that energy level obtained by the DV-X¡ cluster calculation represents the electronegativity itself. 14, 15) There is also a liner relationship between Mk i level and the average level of all the s-orbitals of the element M existing in the MAl 18 cluster. In addition, the p-orbital energy level may be considered instead of the s-orbital energy level, but a spherical symmetrical s-orbital is probably better than a directional p-orbital for the purpose of investigating the mechanical properties of aluminum alloys. 15, 16) The values of Mk i for each element which were calculated on the MAl 18 cluster model in the case of FCC Al, are listed in Table 1. 1416) Most of the elements have higher Mk i value than Al except for Si, Zn, Ga and Ge. For alloys, two kinds of average value of s-orbital energy level parameter are defined by taking the compositional average, as well as the parameter of d-orbital energy level, using eqs. (2) and (3).
Here, X i is the atomic fraction of component i in the alloy, (Mk) i and (Mk) m are the Mk values for component i and Al, respectively. In the case when all the elements in the alloy have a higher (or lower) Mk i value than Al, these two averages differ only by a constant bias of Mk m of 3.344 eV, and hence there is no essential difference between them. However, in the case when elements of higher and lower Mk i values are mixed in the alloys, the two averages give different meanings. For example, for an Al-Zn-Mg alloy the larger Mk i for Mg is somehow compensated by the smaller Mk i for Zn in the calculation of Mk t , whereas both Mg and Zn elements act in an additive way in the calculation of ¦Mk. A certain interaction between Mg and Zn atom is counted in Mk t , but not in ¦Mk. In this study, the evaluation of mechanical properties by ¦Mk is tried in order to establish simplified alloy design for practical application. 7, 16) Al-1.5 mass% Mn was chosen as the binary basic alloy system showing aluminum solid solution, and Ca, Mg, Ti and Zn were chosen as ternary alloying elements. ¦Mk of Al-1.5Mn-X alloys was decided to be less than 0.017, adjusting by amount of ternary alloying elements. It is interesting that this value of ¦Mk was close to that (0.0150.020) on wrought aluminum alloys of 3004 and 3005 in the 3000 series. The compositions of their typical high alloys were Al-1.5Mn-1.3Mg-0.25Cu and Al-1.5Mn-0.6Mg-0.3Cu-0.25Zn. Three elements of Ca, Mg and Zn having different Mk i were chosen for the investigation of the non-transition metal alloying effect as ternary alloying ones. Further, Ca is chosen because of the largeest Mk i , except for K. Ti of a transition metal is chosen as a trace element for grain refinement on the alloys. The binary and four kinds of ternary alloys were proposed for the investigation of relation between tensile or microstructure properties and the ¦Mk level, which compositions were adjusted by ¦Mk, as listed in Table 2. 4. Characteristics on Al-1.5Mn-Zn/Ca/Ti/Mg Alloys with the Values Less than 0.017 in ¦Mk
Microstructures
Microstructures at the as cast condition, are shown in Fig. 1 . Dendritic solidification was found in all experimental alloys, although there were different dendrite sizes among alloys. Ternary alloys showed smaller dendrite size, compared with the binary Al-1.5Mn alloy. Experimental alloys showed intermetallic compounds less than 1.5 vol% in the inter-dendrite region, because of the as-cast condition. These undesirable phases less than 2 vol% in the inter-dendrite region can be disappeared and have little noticeable effect on tensile properties. 7, 8) There was just an aluminum solid solution peak obtained from X-ray diffraction patterns on experimental alloys. The Al-1.5Mn-1Ti alloy showed also the crystallization of Al 3 Ti type intermetallic compound 17) less than 0.5 vol% in dendrite-grains, which might mean the alloy consisting of the dual phase after solution heat treatment. The microstructural characteristics of their alloys agree with the previously open report. 18) 
Tensile behavior
Tensile tests were conducted on five kinds of the as-cast selected alloys (Al-1.5Mn, Al-1.5Mn-0.8Mg/0.6Ca/1.0Ti/ 2.0Zn) with the values less than 0.017 in ¦Mk, and A1070 of pure Al as reference. A1070 specimens were annealed enough to obtain the lowest strength. This heat treatment is called the O temper. Figure 2 shows the nominal stress-strain curves obtained from experimental alloys. The behavior in the stress-strain curves was changed by addition of binary and ternary alloying elements. The proof stress or uniform strain, and fracture strain increased, and decreased by addition of alloying elements. Figure 3 shows the relation between ultimate tensile strength or 0.2% proof stress and ¦Mk meaning the amount of additional elements. The both strength increased as ¦Mk of alloys increased, which meant the degree of solid solution strengthening in alloys. Three alloys of Al-1.5Mn-0.8Mg/ 0.6Ca/1.0Ti having ¦Mk of 0.0150.017 showed different values in ultimate tensile strength. The Al-1.5Mn-0.8Mg Al-1.5Mn-1.0Zn Al-1.5Mn alloy showed the highest value of the ultimate tensile strength. This alloy showed an aluminum-solid solution phase predominantly, although the intermetallic (Al 3 Mg 2 ) less than 0.5 vol% was in the inter-dendrite region due to as cast condition. Where, the melting of the 0.6% Ca added Al-1.5Mn-Ca alloy in air was difficult due to a lot of formation of their oxidation films, which meant the poor cast-ability. However, the Ca-oxides inclusions were not observed in castings. Al-1.5Mn-1.0Ti alloy showed the crystallization of the brittle phase (Al 3 Ti) in dendrite grains, as shown in Fig. 1(e) . It is considered that the improvement of strength is difficult by more increase of Ca and Ti in this alloy system. Figure 4 shows the relation between fracture strain or uniform strain and ¦Mk. The both fracture strain and uniform strain decreased and increased as ¦Mk of alloys increased, respectively. It may be considered from the fracture strain more than 10%, that the restriction of the plastic deformation was not caused by presence of undesirable intermetallic compounds in alloys.
Final Design for Al-1.5Mn-Mg System Alloy
The ultimate tensile strength of 250 MPa and 0.2% proof stress of 150 MPa, and fracture strain of 10% at the as-cast condition without post-treatments, were presented for the objective of alloy design for carbon dioxide emissions reduction and production-cost reduction in automobile industries and applications. It is suggested on the basis of the results described in section 4.2 that the increase of both tensile strength and 0.2% proof stress by the increase of ¦Mk or Mg content in the alloy, is estimated above ¦Mk of 0.017. The estimated lines of strength using dashed ones in Fig. 3 may be able to draw by the extrapolation even in ¦Mk more than 0.017, on the basis of the relation between strength data and ¦Mk obtained from A1070, Al-1.5Mn, Al-1.5Mn-0.8Mg with one less than 0.017. In particular, for the ultimate tensile strength, the estimation line may be drawn on the basis of its highest value on the 0.8Mg containing alloy among Al-1.5Mn-0.6Ca/1.0Ti/0.8Mg alloys, using the dashed line in ¦Mk above 0.017. The increase of Al 3 Ti phase in the dendrite grains and the encouragement of poor cast-ability were predicted by the more increase of Ca and Ti in Al-1.5Mn-X alloys, respectively. In contrast, the Al 3 Ti phase was not observed and good cast-ability was shown in the Al-1.5Mn-0.8Mg alloy, which meant the usefulness of Mg increase in this alloy system. In the same manner with Fig. 3 , the preservation of 10% fracture strain is suggested by the increase of ¦Mk or Mg amount even in ¦Mk more than 0.017, as shown in Fig. 4 . Therefore, the value of approximately 0.03 in ¦Mk for Al-1.5Mn-Mg alloy was decided adjusting by amount of Mg. The composition of finally designed alloy was Al-1.5Mn-2.4Mg with ¦Mk of 0.0293, as also listed in Table 2 .
The microstructure of Al-1.5Mn-2.4Mg was the same as that of Al-1.5Mn-0.8Mg, as shown in Fig. 1(c), (f ) . Also, Fig. 2 shows the nominal stress-strain curve obtained from this alloy. The highest values in proof stress and uniform elongation of 16% were shown in this alloy. Further also, the ultimate tensile strength of 270 MPa, 0.2% proof stress of 135 MPa and fracture strain of 18% were obtained, which meant accuracy estimation by extrapolation of curves of strength or strain values vs. ¦Mk.
Dislocation Behavior
Finally designed Al-1.5Mn-2.4Mg alloy was solid solution strengthened by the addition and increase of Mg in the Al-1.5Mn base alloy. The control of Mg content was adjusted by the ¦Mk value (0.0293) in this alloy which consisted of an Al-solid solution predominantly at the as cast condition. Figure 5 shows relation between 1, 5 and 10% proof stress and ¦Mk for A1070, Al-1.5Mn, Al-1.5Mn-0.8Mg and Al-1.5Mn-2.4Mg, each stress was read off the stress-strain curves in Fig. 2 . In order to estimate dislocation behavior in these proof stresses in tensile tests, three levels of 1, 5 and 10% in plastic strain by cold rolling were applied to their specimens which were annealed at 453 K for 3.6 ks. Each proof stress increased as ¦Mk increased among alloys. Their dislocation behaviors were observed by TEM. Typical dislocation behavior was observed in dark fields on 1% plastic strained specimens, as seen in Fig. 6 . Deformation of A1070 and Al-1.5Mn resulted in the formation of dense tangles of dislocations arranged in walls surrounding regions or cells almost free from dislocations. The cell size of A1070 was larger, compared with Al-1.5Mn. It is also reported that the cell size reaches a limit in the early stages of deformation and changes only slightly thereafter, and its wall tends to 
Al-1.5Mn-1.0Ti
Al-1.5Mn-0.8Mg
Al-1.5Mn-0.6Ca
Al-1.5Mn
Al-1.5Mn-2.0Zn
Reference: A1070 Fig. 4 Relation between ¦Mk and fracture strain or uniform strain for experimental alloys.
orient itself in certain crystallographic directions. 19) For the 5% strained A1070 with larger deformation, the low-angle sub-grain boundary which was found near the interference fringes, were formed in the pre-existing grain before cold rolling, as shown by arrows in Fig. 7(a) . In other words, this original grain was divided by the introduced dislocation boundaries. It is considered that the formation of low-angle sub-grain boundaries corresponded to one of geometrically necessary boundary 20) in the original grains. In A1070 showing the larger dislocation mobility, there were the characteristic dislocation boundary structures for the grain subdivision consisting of both the incidental dislocation boundary 20) as the cell structure and the geometrically necessary boundary. Here, in the tensile test, A1070 specimen was already un-uniformly deformed at 10% strain, and the center in gauge length showed the constriction, because of deformation after the appearance of ultimate tensile strength, as seen in Fig. 2 . In contrast, for the cold rolling, specimens were uniformly deformed even at 10% strain, which meant exact observation of dislocation behavior according to different deformation ratios. The localized dislocations or partially dense dislocations were observed in the 10% strained A1070 specimen, as shown in Fig. 7(b) , which meant one of the dislocation structures corresponding to easy mobility of dislocation.
In contrast, the characteristic dislocation structures described above, could not be observed in 5% strained Al-1.5Mn specimen, although there was the cell structure in 1% one, because of decrease of dislocation mobility. There was the approximately uniform distribution of dislocations in the 5% strained Al-1.5Mn specimen, as shown in Fig. 8(a) . Also, ternary Al-1.5Mn-Mg alloys could not form the dislocation cell structure even after 1% strain, and the approximately uniform distribution of dislocations was observed throughout specimens strained to three levels, as shown in Figs distributed solute elements in alloys, which results in uniform distribution of dislocations. Therefore, the dislocation structure such as cell structure hardly occurred in both ternary alloys and largely deformed specimens in binary alloys. Deformation of Al-1.5Mn-Mg produced a much more uniformly distribution of dislocations as mentioned above. The characteristic dislocation structure caused by the heterogeneous distribution of solute atoms, was not observed by TEM even in the Al-1.5Mn-2.4Mg alloy. The hardening of crystals during plastic deformation is due to the increase in dislocation density and the mutual interaction between dislocations. The dislocation density was measured in four alloys strained to 1, 5 and 10%, although the cell structure was partially observed in both A1070 and Al-1.5Mn. The dislocation density was measured by the equal thickness fringe method using area with thickness more than 100 nm. Typical dark field images of 5% strained Al-1.5Mn or Al-1.5Mn-0.8Mg, and 5 or 10% strained Al-1.5Mn-2.4Mg in Fig. 8 , showed values of 4.8, 7.6, 10.7 and 11.9 © 10 9 cm ¹2 in dislocation density, respectively. Figure 9 shows the relation between dislocation density and ¦Mk or amount of alloying elements. The dislocation density increased in binary and ternary alloys which showed uniform distribution of dislocation, compared with the cell structure, as the ¦Mk and plastic strain increased, which agreed with the increase of proof stress shown in Fig. 5 . Flow curves showing proof stress · p or strain hardening behavior, are defined as the relation by eq. (4) which is the function of equivalent strain ¾ eq , determined for constant equivalent strain rate at a constant temperature in tension. They are also to be determined in tension test up to the ultimate tensile strength assuming uniform deformation. In one-parametrical model in flow curves, the proof
stress depends only on the total dislocation density µ which is considered as the single internal variable of material according to eq. (5). 21, 22) · p ¼ aGbðµÞ
1=2 ð5Þ
Here, G is the shear modulus, a is constant and b is the Burger vector. Serration in stress-strain curves on Al-1.5Mn-2.4Mg with highest ¦Mk value of 0.0293 containing highest amount of Mg is remarkable, as shown in Fig. 2 , which suggests Portevin-Le Chatelier effect, 23) probably due to the presence of various hindrances including uniform distributed Mg atoms of 2.4% for dislocation migration.
¦Mk Parameter and Tensile Properties
¦Mk varied linearly with the 0.2% proof stress and tensile strength of commercially available wrought Al alloys (1000 7000 series) with multiple components. 15, 16) Strength properties including both strain hardening and precipitation hardening were treated well in terms of this parameter alone. 15, 16) However, it is still unclear why ¦Mk correlates with the mechanical properties of alloys. In particular, it is unknown how ¦Mk could be understood physically in the framework of dislocation theory. For example, following the dislocation theory the 0.2% proof stress of the FCC solid solution alloys has been interpreted as due to the hindering effects of solute atoms on dislocation motion. 24) The effects may be due either to the pinning of dislocations by solute atoms in the core 25) or to the friction between moving dislocation and solute atoms.
26) It is not known which effect is more dominant in Al alloys, but, following the former pinning model, the solutedislocation interactions may be attributable mainly to the elastic interaction (the so-called Cottrell effect) and the interaction arising from a shear-modulus effect.
27)
The elastic interaction originated from the atomic size difference between solute and solvent atoms. The local elastic distortion around a solute atom interacts with the strain field around a dislocation so as to reduce the total elastic strain energy. This stabilizes the pinning state of the dislocation by the solute atom. As might be expected, this interaction will increase with increasing atomic size difference between solute and solvent atoms. As explained in chapter 3, Mk i parameter is related to the atomic size of solute elements, M, on the MAl 18 cluster model denoting the binary system, and hence this elastic interaction will be involved implicitly in this parameter, in particular, in the difference parameter, ¦Mk. In this sense for Al-M binary alloys ¦Mk will be a better parameter than Mk t . 15, 16) However, for multiplecomponent alloys the situation is not so simple, because there are size differences not only between solute and solvent atoms, but also between different kinds of solute atoms. Further, elastic interactions with dislocations will be modified theoretically in the circumstances of several kinds of solute atoms coexisting in alloys, using Mk t .
The interaction due to the shear modulus effect such as its representation in eq. (5) is important when there is a large shear modulus difference between solute and solvent metals. If such a solute atom exists near a dislocation, the strain energy of the dislocation changes remarkably, as it is proportional to the shear modulus. Roughly speaking, the shear modulus may be related to the bond strength between atoms. In nearly-free-electron metals like Al, the charge transfer between solute and solvent atoms will contribute to the bond strength between them. Therefore, the shear modulus change with alloying will depend largely on the amount of the transferred charges between atoms. In general the charge transfer takes place according to the electronegativity difference between solute and solvent atoms and hence following the ¦Mk parameter. 15) It is considered on the basis of the assumption in eq. (5) as one evidence, that the interaction between the proof stress and dislocation density or hindrance for dislocation migration at the constant strain as shown in Figs. 5 and 9 can be explained by value of ¦Mk, which may lead to the indication of solid solution hardening level using the ¦Mk parameter even for Al-Mn-X alloys.
There are still several remaining questions to be solved, even though ¦Mk is indeed a convenient parameter in estimating the mechanical properties of Al alloys. Further study is needed in order to understand the present ¦Mk approach in a more fundamental manner.
Corrosion Resistance
The Al-1.5Mn-X alloys have to show high corrosion resistance in NaCl aqueous solutions because they are used for application of automobile parts. Immersion tests in a 3.3 mol% NaCl aqueous solution at 343 K for 864 ks were conducted on A1070, Al-1.5Mn, Al-1.5Mn-0.8Mg and Al-1.5Mn-2.4Mg. Figure 10 shows the relation between ¦Mk of alloys and the weight loss. The weight loss after the immersion period of 864 ks were 5.7, 3.9, 2.9 and 1.4 µg/mm 2 for A1070, Al-1.5Mn, Al-1.5Mn-0.8Mg and Al-1.5Mn-2.4Mg, respectively. Finally designed Al-1.5Mn-2.4Mg alloy with high performance in mechanical properties, showed excellent corrosion resistance.
As explained in chapter 3, Mk i itself is associated with the electronegativity correlating with the ionicity of M in MAl 18 cluster model (M: alloying elements) in the case of FCC Al. 14) There was a good correlation between this weight loss and ¦Mk. As ¦Mk increased in alloys, this value decreased linearly, because ¦Mk value might have a certain correlation with the ionicity of M in MAl 18 cluster model, which agreed with the previous results, 14) although there were a few data.
Conclusions
(1) For Al-1.5Mn-X alloy systems, as ternary elements, Ca, Mg, Ti and Zn were chosen and the values in ¦Mk were adjusted to be less than 0.017 by their addition amount. Their proof stress and fracture elongation varied with ¦Mk in alloys. (2) The composition of promising alloy was decided to Al-1.5Mn-2.4Mg with ¦Mk of 0.029. This alloy showed the ultimate tensile strength of 270 MPa, 0.2% proof stress of 135 MPa and fracture strain of 18% keeping excellent corrosion resistance in the NaCl aqueous solution even at the as-cast condition without posttreatments, which resulted in the approximate satisfaction of the initial objective. (3) The interaction among the proof stress, dislocation density (or hindrance for dislocation migration) and ¦Mk was obtained from this experiment, which might lead to the indication of solid solution hardening level using the ¦Mk parameter for ternary Al-1.5Mn-Mg alloys. NaCl aqueous solution for selectively experimental alloys.
